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EXPERTMENTAT, INVESTIGATION OF THE EFFECTS OF VORTEX
GENERATORS ON THE MAXIMUM LIFT OF A 6-PERCENT-THICK
SYMMETRICAL CIRCUIAR-ARC ATRFOII. SECTION

'By William J. Bursnall
SUMMARY

An experimental investigation was made in the ILangley low-turbulence
tummel of the effectiveness of several configurations of vortex gener-
ators in increasing the maximum 1ift of a 6-percent-thick symmetrical
circular-arc airfoil section. Lift measurements at a Reynolds number

of 2.0 X 106 and & Mach number less than 0:2 indicated that none of the
configurations tested substantially increased the maximm 1ift of the
circular-arc section (the greatest increese was less than 0.1).

Although the generators decreased the extent of local separation
from the leadlng edge at the lower angles of attack, the majority of the
configurations failed to produce vortices at the angles of attack Just
below stall because the generators were enveloped by the separated region.
Even for vortex generators swept forward of the leading edge of the air-
foil, the vortices whlch were produced throughout the angle-of-attack
range were not sufficiently strong to effect a reattachment of the strong
separation from the leading edge at the higher angles of attadk.

INTRODUCTION

The use of thin airfoll sections has been found to be advantageous
on high-speed aircraft, but the maximum 1ift coefficient obtainable with
most airfolls of this type is limited to relatively low values because
the stall occure at a relatively low angle of attack as a result of poor
boundary-layer flow conditions near the leading edge.

. N

A method of Increasing the maximum 1ift of alrfoils, based on
directly altering the boundary-layer flow, is ‘presented in reference 1.
In this method, & row of small auxiliary airfolls or vortex generators
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1s mounted perpendicular to the sirfoil. surface end along the span.

This system ubtilizes the induced vortex generated at the tlp of the

. Emall 1ifting airfoll as a means of mixing the high-energy alr of the
main gtreem and the low-energy alr in the bowmdary layer. This mixing,

therefore, alters the bowmdary-layer velocity distribution such that

geparation 1s prevented or, at least, delayed. It is shown in refer-

ence 1 that the maximum 1ift coefficient of the WACA 23012 airfoll sec-

tlon mey be increased by approximately 30 percent-as a result of deleying

the stall (due to turbulent boundary-layer separation from the trailing

edge) to a higher angle of abttack by means of vortex generators.

The effectiveness of vortex generators asg & fluid mixing device and
in preventing the sepasration.of turbulent boundary layers hes been demon-
gtrated in a number of cases (ref. 2), but the effectiveness of the
generators ln reducing the extent of the separated boundary layer near
the leading edge of airfolls was not known. Consequently, it was decided
to investligate the effects of several arrangements of vortex generators
on the maximum 1ift characteristics of a thin, sharp-nosed airfoil
sectlon. |

The experimental investigatlion was conducted in the Langley low-
turbulence tumnel. Iift measurements were made of a 6-percent-thick

symmetrical circular-src airfoll section at- a2 Reynolds numbesr of 2.0 X lO6
end & Mach number less than 0.2 for both the plein alrfoll and for the
airfoil equipped with several configuratlions of vortex generators. In
addition, limited pressure-distribution and boumdary-leyer veloclity pro-
file meeasurements were mede on the plain alrfoll and on one vortex-
gonerator conflguration; limited tuft surveys were also made on several
generator configurations. These studies are presented and analyzed
herein. .

SYMBOLS
b/é vortex-generstor semigpan, measured from generator tip to
surface of basic ailrfoll, in.
c alrfoll chord, in.
Cg vortex-generator chord, in.
o1 sectlion lift coefficient
H, free-stream total pressure, 1b/sg in.
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y") local static pressure, 1b/sg in.

dq free-gtream dynamic pressure,_ 1b/sq in. !
s - rressure coefficient, E%O-—P

u local veloclty inside boundery layer, fps

U local velocity outside boundary layer, fps

x chordwise coordinate, in.

¥y coordinate ebove airfoil surface (normal to alrfoil

surface), in.

APPARATUS AND TESTS

Wind tunnel and model.- The experimental investigation was con-
ducted in the Langley low-turbulence tumnel. The test sectlon was
3 feet by 7.5 feet and the model, when mounted, completely spanned the
3-foot dimension. Lift measurements were made by btaklng the difference
between the pressure reactlion on the floor and ceilling of the tunnel.
A more complete description of the tumnel and the method of obtaining
and reducing the dete may be found In reference 3.

A1 measurements were made cn a 24-inch-chord machined steel model
of & 6-percent-thick gsymmetrical circular-arc alrfoll section. The
model was palnted wilith lacguer and sanded with No. 400 carbormdim
paper to obtaln a smooth surface. The ordinates of the alrfoll sectlon
are presented in table I.

Rectanguler airfolls of two sizes (—h =1lIin. end cg=1 in.;

-g 2 In. and cg = 1.5 in. ) were used as vortex generators. Thesse

alrfoils were made of mahogany and machined approximately to the ordi-
nates of the NACA 6415 airfoill section (ref. 4). The generatoram were
atbached to the basic alrfoll in various comfigurations as shown in
figure 1 and described in table II.

Tests .- Lift measurements were made of the plain airfoil and the
varilous configurations of vortex generators at a Reynolds number
of 2.0 X 106. The Mach number of all tests was less than 0.2. The 1ift
data were corrected for tumnel-wall effects accarding to the methods of
reference 5. Chordwise pressure distributions and bowndary-layer



-
- -

b . NACA RM L52G2k

-

velocity profiles were measured at an angle of atteck of 6° on the for-
ward portion of the plain airfoil and on one configuration of vortex
generators. Vertlcal surveys of statlc and total pressure were made
with multitube pregswre rakes which consisted of four static-pressure
tubes and fouwr total-pressure tubes. The tubes were made of steel hypo-
dermic tubing having an outside dismeter of 0.040 inch and a wall thick-
ness of 0.003 inch. The total-pressure tubes were flattened at the ends
mtil the opening at the mouth of the tube was 0.006 inch. Tube heights
less than 0.l inch - -Prom the surface were measured with a micrometer
microscope and tube helghts greater than 0.1 Inch were msasured with &
gcale graduated in hundredths of an inch. One statlc~pressure tube was
kopt on the surface of the airfoil to measure the chordwlse pressure
distribution, end the vertlcal surveys of static and total pressure were
combined to glve the velocity distribution through the boumdery layer.
Tt should be emphaslized that these measurements can be consldered as only
qualitative because the vortilices and seperated flow tended to causs
fluctuations 1n both local sgpeed and local direction of the flow
resulting in indeterminable errors In the pressure measurements.

The over-all effects of the generators on the flow for some of the
configurations were studled qualitatively by means of short wool tufts
placed on the alrfoll surface, on the tlps of the gemerators, and on
amell masts attached to the surface of the model.

RESULTS AND DISCUSSION

The subsequent discusslon considers the effectlveness of the various
vortex-generator configurations with respect to thelr influence on the
meximm 11ft of the alrfoll.

Effectlvensss of a single row of vortex generstors near the leading
edge .- Criteria for the placement of vortex generators 1n relation to
the separation point were recommended in reference 2. For the present
investigation of leading-edge separatiom, however, thege criterla are
not appliceble. It was consldered necessary to place the gemerators as
close to the leading edge as was convenient for mounting purposes in
order to permit the mixing action to be effective over as much of the
geparated reglon as possible.

The Pirst configuration tested (configuration I) was composed of
generators of l-inch chord and 1-inch semispan placed with their querter
chord 1 inch (0.0416c) beliind the leading edge of the circular-arc air-
foll section and spaced every 2 inches along the span. Figure 2 presents
the 117t curves measured for the plain alrfoil amnd for configurations I(a)
to I(d) with the vortex gemerators at angles of attack of 107, 15°, 20°,
end 25°. The faired line of configuration I(a) in figure 2 is based on
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the slopes of the other 11ft curves. The vortex genera.tomjs proved to be
relatively Ineffectlve in increasing the maximum 1ift of +the basic aire
foil. The increase in 1ift coefficient amounted to less than 0.1 and

was very slightly changed by varying the angle of attack of the
genergtors. ) :

In the sbsence of an appreclable increase In maximm 11ft coef-
ficlent, it was decided to determine the flow changes brought sbout by
the vortex generators before testing any other configurations. For this
purpose, chordwlise surveys were made of the surface pressures and the
boundary-layer profiles over the forward part of the plain airfoil and
configuration I(b) at an angle of attack of 6°. The surface pressure
distributions ere presented In figure 3 as plots of pressure coef-
ficlent S agaelnst chordwise position x/c. A dlagram defining ‘the
three spanwise stations at which both the surfece pressure and boundary-
layer measurements of conflguration I were made ls also shown In fig-
1re 3. The pressure-distribution data indicate that, at an angle of
attack of 6°, the generators have probably been effective in increasing
the peak pressures of the distribution end, consguently, decreasing the
extont of separated flow near the leadlng edge of the alrfoil. The
extent of these chenges cannot be determined because the presence of the
generators did not permit measurements in thls reglon.

The boundary-layer veloclty-profile data are presented in figure L.
Plots of the velocity ratlio u through the vertical disbance y/c
are shown superposed on the chordwlse positlion scale x/c. Thus, the
develomment .of the bowndary layer is shown as the flow progresses from
the leading edge toward the tralling edge of the alrfoll. Figure 4
gshows that, at an angle of attack of 6°, the reduction of the extent of
separated flow indlcated by the pressure-distribution msasurements 1s
quite pronounced. The effectiveness of the generators In reducing the
size of the separated flow, however, depends upon the spanwlse survey
position relative to the genersator. One possible explanstion of the
gpanwise varlation of generator effectiveness 1s a localized channel-
flow effect of the geometry of the generator installation. Although
the primary factor tending to reduce the extent of separated flow is the
mixing brought about by the vortex motion, the local acceleratlicns at
position 3 due to the converging sectlon between the generstors may be
sufficient to reduce further the extent of separated flow. Similarly,
the decelerations at position 1 may be such that the mixing action is
not as fully effectlve.

Tn an effort to lncrease the spanwise effectlveness of the vortex
mixing, the spanwlse spacing was reduced to 1 inch (configuration II).
No apparent galn was found in the meximm 1ift (fig. 5(a)), and it was
concluded that the 1ift was limited by turbulent separation near the
tralling edge brought about by the increased pressure peaks near the

leading edge.
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Effectiveness of the asddition of a second row of genersators to
delay turbulent seperation.- Configuration I wgs modified by the addi-

tlon of & second row of vortex gemerators of & larger size (g = 2 in.

and Cg = 1.5 in.) at the 0.35¢ station and designated configuration IITI.

It was believed that thls second row of generators would inhibit the
turbulent separation that seemed to be indicated near the trailing edge.
The maximum 1ift (fig. 5(a)) was not substantially improved in this case
nor was 1t improved by moving the second row of vortex generators for-
ward to 0.25c ‘as in configuration IV (fig. 5(a)). The spacing of the
forward row of generators was reduced ss 1in configuration IT in order to
obtain better spanwlse mixing et the forward part of the alrfoil. The
second row was reteined at 0.25¢c. This configuration (configuration V),
however, reduced the maximum 1ift (fig. 5(a)) to a value below that of
the plain ailrfoll. Tufts placed at-the tip of several generators on the
forwverd row Indicated that these alrfolls ceased to generate vortices
Just before the angle of attack for meximum 1ift so that the stall sgtill
occirred as a result of separation from the leading edge of the alrfoll.
Thus, the separated region enveloped the vortex generators and it seemed
apparent that larger voritex generators were needed.

Effectiveness of larger vortex generators.- The use of the larger
vortex genereators (—2— =2 In. and cg = 1.5 in.) in configurations VI,

VII, and VIIT elther did not increase the meximum lift of the alrfoil
or increased it only slightly (fig. 5(b)). It was found that the auxil-
lary alrfoils still falled to generate vortices of sufficlent strength
at the higher sngles of attack Lo bring about reattachment of the sepa-
rated bowmndery lsyer near the lsading edge. Although the generators
were &ble to0 reduce the slze of the separated reglon of flow at the
lower angles of attack, 1t appeared fraom limlted tuft swrveys that,

once an angle of about 9° was reached, the separsted reglon enveloped
the auxiliery ailrfoils end a vortex was no longer geusrated.

Effectiveness of sweepling forwerd the front row of generators.-
In the final conflgurations (conflgurations IX and X), the front row of
auxllisry airfolls was mounted at the leading edge of the basic alrfoil
with the generators swept forward 4OC. The introduction of sweep was
intended to start the vortex and 1te subsequent mixing as close to the
leading edge as poesible. The latter configuwrations, however, proved to
be no more effective than the others in regerd to the maximum 1ift cher-
acterigtica (fig. 5(c)). Even though the forward row of generators pro-
duced vortices throughout the angle-of-attack range, as Indicated by
tufte, these vortices were not sufficiently strong to effect & reattach-
ment of the leading-edge seoparation at the higher angles of attack.
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CONCLUDING REMARKS

An experimental investigation was made In the Langley low-turbulence
tumel of the effectiveness of several configurations of vortex gener-
ators In increasing the maximm 1ift of a 6-percent-thick symmetrical
clrculer-arc airfoll section. ILift measurements at a Reynolds nmumber

of 2.0 X 106 end & Mach number less then 0.2 indicated that nons of the
configurations tested substantlally increased the maximm 1ift of the
circular-arc section (the greatest increase was less than 0.1l).

Although the generators decreased the extent of local separation
from the leading edge &t the lower angles of attack, the majority of the
configurations failed to produce vortices at the angles of attack just
below the stall because the generators were enveloped by the separsated
reglon. Even for vortex gemerabtors swept forward of the leading edge of
the alrfoil, the vortlces which were produced throughout the angle-of-
attack range were not sufficlently strong to effect a reattachment of
the strong . separation from the leading edge at the higher angles of
attack.

Langley Aeronautical Leboratory,
National Advisory Commltiee for Aercmautics,
Langley Fileld, Va.
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TARLE I
ORDINATES OF THE 6~PERCENT-THICE SYMMETRICAL
CIRCULAR-ARC ATRFOIT. SECTION

I:Statioﬁs_ end ordinates glven in
~ percent of airfoil chord]

* Station Upper and lower
ordinstes
0 0
5 . S5T2
10 1.082
15 1.533
20 1.922
25 S 2.252
30 2.521
.35 - 2.731
Lo 2.880
L5 2.970
50 3.000
55 2.970
60 2,880
65 2.731
70 2.521
™ 2.252
8o 1.922
85 1.533
90 1.082
95 572
100 .0
SNACA

NACA RM L52G24
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TABLE IT
VORTEX-~GENERATOR CONFIGURATTONS
ESee fig. JZI
Generator cg/ )3 . Generator
Configu- location on Spacing, | Semispan, C]‘:Ol'd-_: angle of
ration airfoil, . b/2, in. g’ attack,
percent L_x-_) in. deg
Iga) .16 2 1 1 10
b) 15
(c) ; 20
(d) 25
T 4.16 1 1 1 15
IIT L.16 2 1 1 15
35.00 3 2 1.5 10
v k.16 2 1 1 15
25.00 - 3 2 1.5 10
v L.16 1 1 i1 }—15
25.00 3 2 1.5°7 10°
v:réa.) 4,16 1.5 2 1.5 10
b) 15
VIT 5.20 3 2 1.5 10
35.00 3 2 1.5 10
VIIT 5420 3 2 1.5 10
< (*%) 2.25 .2 1.5 15
(*%) 2.25 2 1.5 15
35..00 3 2 1.5 10
*Semispan measured from the tilp to the surface of the basic
airfoil.
**Generators swept forwerd L0° with leading edge of the
generator root at the leading edge of basic alrfoil.-
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Figure 2.- Variation of 1ift coefficlent with mengle of attack of a
6-percent-thick symmetrical circular-arc airfoil section with and

without vortex gemerators (configuration I).

122G WH VOVN

Tt



2.6

P i\ T —
2.l
T ) /l

\ . Foaition 1 Poaltlon 3
2.0 < Position 2 [
L =
s 1.8 -
A
b
] L
S
E 1.6
14
B "0 Plain airfoll .
vortex= ator (aonfig. I{b))
1.2 0 position 1
O  Poaition 2
A Poaitlon 3
B Looaticn of W
vortex ganarators
1.0 b
.BIIIIIIIIIIIIIIIIIIIIIIIiIlFJ I_III.III
0 05 «10 «15 20 «25 «30 «35 40 ] &5

Ghordwise position, xfo

Fi_.gure.3.- Chordwise surface pressure distribution on a 6-percent-thick
symmetrical circular-arc airfoil sectlon with and without vortex
generatore at an angle of attack of 6° and a Beynolds numbexr of

2.0 x 105.
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Figure 4,- Development of the boundary layer on the upper surface of a
6-percent~thick symmetrical circular-arc airfoil section at an angle

of attack of 6° and a Reypolds mumber of 2.0 X 106 aa encountered on
the plain airféil end as modified by the presence of configuration I(b)
vortex generators,
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(a) Plain airfoil apnd airfoil with vortex-generator
configurations II, III, 1V, and V.

Figure 5,- Varlation of 1ift coefficilent with angle of attack for a
6-percent-thick symmetrical circular-arc sirfoll section equipped

with verious vortex-generator configuretions.
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(b) Plain airfoil end airfoll with vortex-generstor configurations VI(a),
VI(b), VII, and VIII.

Figure 5.~ Continued.
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(c) Plain airfoil and airfoil with vortex-generator configurations IX
and X,

Figure 5.- Concluded.

DR = Eg~5~0T - LBII-YIVN
#2926T WE VOUN




